The effect of infectious bursal disease virus (IBDV) infection on cellular protein expression is essential for viral pathogenesis. To characterize the cellular response to IBDV infection, the differential proteomes of chicken embryo fibroblasts, with and without IBDV infection, were analyzed at different time points with two-dimensional gel electrophoresis (2-DE) followed by MALDI-TOF/TOF identification. Comparative analysis of multiple 2-DE gels revealed that the majority of protein expression changes appeared at 48 Infectious bursal disease virus (IBDV), 1 a member of the Birnaviridae family, is a pathogenic agent that damages the precursors of antibody-producing B lymphocytes in the bursa of Fabricius (central humoral immune organ) and causes severe immunodeficiency and mortality in young chickens (1) . Its bisegmented double-stranded RNA genome encodes an RNAdependent RNA polymerase, VP1; two major structural proteins, namely VP2 and VP3; a viral protease, VP4; and a nonstructural protein, VP5. IBDV replicates within the cytoplasm of infected cells, leading to cytopathic effect or cytolytic infection. IBDV-induced apoptosis has been found in chicken peripheral blood lymphocytes (2) , thymus (3) , bursal lymphoid cells of chicken embryos in vivo (4) , and cultured CEFs and Vero cells in vitro (5) (6) (7) . The viral protein VP2 was shown to contribute greatly to the induction of apoptosis (8) . The early protein VP5 plays a crucial role in IBDV infection by inhibiting apoptosis in the early stage of viral infection (9) and accumulates within the host plasma membrane, thus contributing to cell lysis in the late stage of viral replication (10) . Recently the differentially expressed transcripts of IBDV-infected CEFs were analyzed by cDNA microarrays, which provide an overview of the mRNA expression profiles of infected cells (11) . The mRNA abundance is not always consistent with the protein level (12) , and viral infection results in post-translational modifications, such as ubiquitination (13) , phosphorylation, and glycosylation (14) without affecting their transcription rates. Therefore, the proteomics analysis of host cellular responses to virus infection is more likely to probe potential cellular factors involved directly or indirectly in viral infection and to identify potential drug targets of antiviral treatment.
To date, a small but increasing number of studies have used proteomics approaches to reveal the effects of viral infection on the cellular proteome (15) . The comparative proteomics approaches coupling 2-DE and MS (2-DE/MS) effectively help the study of the molecular profiles of virus-infected cells (16) . In plant viruses, 2-DE/MS has been used to study the cellular changes in rice yellow mottle virus-infected cells in susceptible and partially resistant rice cultivars (17) and in tobacco mosaic virus-infected tomato (18 (23) (24) (25) . Therefore, the proteomics strategies provide an overall understanding of the cellular factors involved in various stages of infection and give an insight into the alteration of signaling pathways to further understand viral pathogenesis.
In this study, we utilized a 2-DE/MS proteomics approach followed by Western blot coupled with real time RT-PCR to observe the differentially expressed protein profiles between IBDV-infected and mock-infected CEFs at different time points after infection. A total of 81 differentially expressed protein spots were identified. Further analysis of these data provides clues to understanding the replication and pathogenesis of IBDV and the virus-host interactions.
EXPERIMENTAL PROCEDURES
Cell Culture, Virus Infection, and Sample Preparation-A primary CEF monolayer was prepared from 10-day-old embryonated specific pathogen-free chicken eggs (Beijing Merial Vital Laboratory Animal Technology Co. Ltd, Beijing, China) and maintained in Hanks' medium supplemented with 8% fetal bovine serum. The CEF monolayer was inoculated with CEF-adapted IBDV strain NB (10 8 TCID 50 /0.2 ml) (26) with medium-treated CEF monolayer acting as control. At 12, 48, and 96 h postinfection (p.i.), the IBDV-infected and mock-infected cells were mechanically scraped into the culture medium and harvested by centrifugation at 8000 ϫ g for 5 min. The cells were washed three times with ice-cold PBS and lysed with lysis buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 65 mM DTT, 0.2% Bio-Lyte 3/10, and 1 mM PMSF at a volume ratio of 1:10 for 2 h on ice. DNase I (TaKaRa, Shiga, Japan) and RNase A (TaKaRa) at a final concentration of 20 units/ml and 0.25 mg/ml, respectively, were added to degrade nucleic acids on ice for 45 min, and the lysates were then clarified by centrifugation at 20,000 ϫ g at 4°C for 60 min. The supernatants were collected and stored in single use aliquots at Ϫ80°C. All protein samples were diluted 1:10, and the concentration was determined by a microplate modification of the Bradford assay (27) with 0.5 mg/ml BSA as the standard solution and homogenization buffer as the blank. (29) .
In-gel Tryptic Digest-The protein spots were manually excised from the silver-stained gels and then transferred to V-bottom 96-well microplates loaded with 100 l of 50% ACN, 25 mM ammonium bicarbonate solution/well. After being destained for 1 h, gel plugs were dehydrated with 100 l of 100% ACN for 20 min and then thoroughly dried in a SpeedVac concentrator (Thermo Savant) for 30 min. The dried gel particles were rehydrated at 4°C for 45 min with 2 l/well trypsin (Promega, Madison, WI) in 25 mM ammonium bicarbonate and then incubated at 37°C for 12 h. After trypsin digestion, the peptide mixtures were extracted with 8 l of extraction solution (50% ACN, 0.5% TFA)/well at 37°C for 1 h. Finally the extracts were dried under the protection of N 2.
MALDI-TOF/TOF MS and MS/MS Analysis and Database Search-
The peptide mixtures were redissolved in 0.8 l of matrix solution (␣-cyano-4-hydroxycinnamic acid (Sigma) in 0.1% TFA, 50% ACN) and then spotted on the MALDI plate. Samples were allowed to air dry and analyzed by a 4700 MALDI-TOF/TOF Proteomics Analyzer (Applied Biosystems, Foster City, CA). Trypsin-digested peptides of myoglobin were added to the six calibration spots on the MALDI plate to calibrate the mass instrument with internal calibration mode. The UV laser was operated at a 200-Hz repetition rate with wavelength of 355 nm. The accelerated voltage was operated at 20 kV. All acquired spectra of samples were processed using 4700 Explore TM software (Applied Biosystems) in a default mode. Parent mass peaks with mass range of 700 -3200 Da and minimum signal to noise ratio of 20 were picked out for tandem TOF/TOF analysis. Combined MS and MS/MS spectra were submitted to MASCOT (Version 2.1, Matrix Science, London, UK) by GPS Explorer software (Version 3.6, Applied Biosystems) and searched with the following parameters: National Center for Biotechnology Information non-redundant (NCBInr) database (release date, March 18, 2006) , taxonomy of bony vertebrates or viruses, trypsin digest with one missing cleavage, no fixed modifications, MS tolerance of 0.2 Da, MS/MS tolerance of 0.6 Da, and possible oxidation of methionine.
Known contaminant ions (human keratin and tryptic autodigest peptides) were excluded. A total of 4,736,044 sequences and 1,634,373,987 residues in the database were actually searched. MAS-COT protein scores (based on combined MS and MS/MS spectra) of greater than 72 were considered statistically significant (p Յ 0.05). The individual MS/MS spectrum with a statistically significant (confidence interval Ն95%) ion score (based on MS/MS spectra) were accepted. To eliminate the redundancy of proteins that appeared in the database under different names and accession numbers, the single protein member belonging to the species Gallus or else with the highest protein score (top rank) was singled out from the multiprotein family.
Real Time RT-PCR-Specific primers (supplemental Table 1 ) suited to simultaneously amplify various target genes were designed according to the corresponding gene sequences of MS/MS-identified proteins and the available gene information deposited in the GenBank TM library by using the Lasergene sequence analysis software (DNAStar, Inc., Madison, WI). The CEF monolayers inoculated with IBDV strain NB for 12, 24, and 40 h were washed three times with ice-cold PBS and then lysed with TRIzol reagent (Invitrogen). Total cellular RNA was extracted using the RNeasy minikit (Qiagen, GmbH, Hilden, Germany) according to the manufacturer's protocol. RNA concentrations were measured using a spectrophotometer (260/280 nm). After heating at 65°C for 5 min to denature RNA and to inactivate RNases, 1 g of total RNA was subjected to reverse transcription using 200 units of SuperScript III reverse transcriptase (Invitrogen), 40 units of RNaseOUT recombinant RNase inhibitor (Invitrogen), 200 ng of random hexamer primers (TaKaRa), 0.5 mM (each) dNTPs (TaKaRa), 4 l of 5ϫ First-Strand Buffer (Invitrogen), and 1 l of 0.1 M DTT (Invitrogen) in a total volume of 20 l at 25°C for 5 min and then incubated at 50°C for 1 h. The reaction was terminated by heating at 70°C for 15 min. The real time RT-PCR was performed by using the 7500 Real-Time PCR System (Applied Biosystems) in a total volume of 20 l containing 100 ng of cDNA template, 1ϫ SYBR Premix Ex Taq (Perfect Real Time, TaKaRa), and a 200 nM concentration of each primer. After initial denaturation at 95°C for 30 s, the amplification was carried out through 40 cycles, each consisting of denaturation at 95°C for 15 s, primer annealing at 58°C for 15 s, and DNA extension at 72°C for 40 s. Melting curves were obtained, and quantitative analysis of the data was performed using the 7500 System SDS software Version 1.3.1 in a relative quantification (ddCt) study model (Applied Biosystems). Parallel mock-infected CEFs were used as controls.
Western Blot and Densitometric Analysis-Samples of IBDV-infected and uninfected CEFs were lysed at different time points p.i., and the protein concentrations were determined as described above. Equivalent amounts of cell lysates (70 g) were subjected to 12% SDS-PAGE and then transferred to nitrocellulose membranes (Hybond-C extra, Amersham Biosciences). After blocking, the membranes were incubated with mouse monoclonal antibodies (mAbs) to ␤-tubulin (Physarum polycephalum myxamoebae) (clone KMX-1, Chemicon), swine vimentin (clone V9, Chemicon), bovine ubiquitin (clone P4D1, Cell Signaling Technology, Boston, MA), and human Rho-GDI (clone 16, BD Biosciences), respectively. The membranes were then incubated with horseradish peroxidase-conjugated antimouse IgG (Kirkegaard & Perry Laboratories, Inc.) and visualized using 3,3Ј,5,5Ј-tetramethylbenzidine-stabilized substrate (Promega). Finally the immunoblots were scanned, and densitometric analysis was performed using the Bio-Rad Quantity One software. Each reaction was performed in triplicate.
Double Staining Immunofluorescence and Nuclear Staining-CEFs and Vero cells inoculated with the virulent IBDV were cultured for 24 and 60 h, respectively. The cells were washed twice with PBS and fixed with cold acetone/methanol (1:1) for 20 min at Ϫ20°C and then allowed to air dry. The fixed cells were incubated with a mixture of rabbit antiserum to IBDV-VP1 prepared in our laboratory (30) and the above mentioned mAbs (␤-tubulin, vimentin, ubiquitin, and Rho-GDI) for 90 min at 37°C in a humidified chamber. After washing thrice with PBS, the cells were incubated for 60 min at 37°C with a mixture of TRITC-conjugated goat anti-rabbit IgG (Sigma) and FITC-conjugated goat anti-mouse IgG (Kirkegaard & Perry Laboratories, Inc.). The additional nuclear staining with 4Ј,6-diamidino-2-phenylindole (Sigma) was performed as described previously (5) . The triple stained cells were washed thrice with PBS and subsequently examined under a Zeiss LSM510 laser confocal microscope.
RESULTS

Two-dimensional Gel Electrophoresis Profiles of IBDV-infected
CEFs-To obtain a detailed comparison of the differences in protein expression profile, the cellular proteins of IBDV-infected and mock-infected CEFs were extracted for 2-DE analysis at 12, 48, and 96 h p.i. In the 2-DE analysis, the spots of detectable protein ranged from 1400 to 1650 spot on 24-cm two-dimensional gels (pI 5-8) loaded with 250 g of total cellular proteins/gel. In the IBDV-infected cells, no obvious changes were observed in the numbers of spots of detectable protein at 12 h p.i., but the numbers of spots of expressed protein decreased gradually from 48 to 96 h p.i. (Fig. 1A) . On the basis of the average intensity ratios of protein spots, a total of 102 protein spots were found to be dynamically changed in IBDV-infected CEFs, including 33 significantly up-regulated protein spots (ratio infection/mock Ն 2, p Յ 0.05; Fig. 1B ) and 69 significantly down-regulated protein spots (ratio infection/mock Յ 0.5, p Յ 0.05; Fig. 1C ). As shown in Table I and supplemental Table 2 , of the up-regulated proteins in infected CEFs, three protein spots showed signs of up-regulation at 12 h p.i., 28 protein spots were up-regulated at 48 h p.i., and two protein spots were newly induced at 96 h p.i. Among the down-regulated proteins, five protein spots displayed complete inhibition at 48 and 96 h p.i., and the remainder showed signs of a decrease at 48 and 96 h p.i. In general, the majority of protein expression changes appeared at 48 and 96 h after IBDV infection.
Mass Spectral Identification of Differentially Expressed Proteins-To identify the differentially expressed proteins in IBDV-infected CEFs in 2-DE gels, a total of 102 protein spots with a threshold greater than 2-fold were excised from these 2-DE gels and subjected to in-gel trypsin digestion and subsequent MALDI-TOF/TOF identification. As shown in Table I and Fig. 2 , 81 differentially expressed spots were successfully identified (the MS and MS/MS spectra are listed in the supplemental figure). According to annotations from the UniProt Knowledgebase (Swiss-Prot/TrEMBL) and Gene Ontology Database, the identified cellular proteins were involved in the cytoskeleton, in stress response, in macromolecular biosynthesis, in ubiquitin-proteasome pathway (UPP), in signal transduction, and in metabolic enzymes. The percentage of up-regulated and down-regulated protein spots was 26.92 and 73.08%, respectively. Thirty-one up-regulated spots corresponded to the following 15 proteins: two viral proteins (34%), seven cytoskeletal proteins (48%), three macromolecular biosynthesis proteins (9%), and three other cellular proteins (9%) (Fig. 3A) . ACT5 and polyubiquitin, in particular, were expressed in IBDV-infected cells as newly induced proteins. These up-regulated cellular proteins were located mainly in the cytoplasm, including cytoskeleton (47%), cytosol (38%), and ribosome (9%) (Fig. 3B) .
The 50 down-regulated spots were found to correspond to 38 cellular proteins. These proteins were mainly involved in UPP (17%), signal transduction (17%), carbohydrate degradation (16%), intermediate filament (IF) proteins (14%), and other functions (Fig. 3C) . Interestingly all of the proteins involved in signal transduction, metabolism, and biosynthesis were down-regulated during IBDV infection. In particular, CAPZA1, AHA1, UCHL5, and Rho-GDI were inhibited in the late stages of IBDV infection. These down-regulated protein spots were mainly distributed within the cytoplasm, including cytosol (34%), cytoskeleton (24%), and cell organelles (e.g. endoplasmic reticulum, ribosome, and mitochondrion); in addition, some proteins were located in the nucleus and membrane (Fig. 3D) . In this result, many different spots were identified to be the products of the same gene, including IBDV viral proteins, ACTB, ACT5, vimentin, CAPZA1, HSPB1, AKR, and ALDOC. Surprisingly there were two spots, one up-regulated and the other down-regulated, that were both identified as HSPB1.
Transcriptional Profiles of Differentially Expressed Proteins during IBDV Infection-Approximately 50% of the IBDV-infected CEF monolayer with cytopathic effect detached from the cell bottle at 48 h p.i. As a result, the transcriptional alterations of 38 selected genes of CEF monolayers with and without IBDV infection were analyzed at 12, 24, and 40 h p.i. by using the mRNA transcript of the histone H5 gene as a control housekeeping gene. Changes in relative expression levels greater than 2-fold (ddCT Ն 1, p Յ 0.05) were considered to be significant. In general, the trends in the change in mRNA abundance of the 31 genes at three time points p.i. were similar to the change patterns of their corresponding proteins in 2-DE gels (Fig. 4) . Of these genes, the mRNA abundance of genes ACTA, HARS, MTA, and PSME3 shared a persistent decrease during 12-40 h p.i., and 28 gene transcripts represented a marked elevation at 12 h after IBDV infection and a persistent decrease between 24 h and 40 h p.i. However, the transcripts of genes VIM, HSPB1, and RPSA were down-regulated at 12 h p.i. and up-regulated between 24 and 40 h p.i. The transcriptional pattern of the FPS gene was down-regulated at 12 and 40 h p.i. and elevated at 24 h p.i. Conversely the transcription of ARPP0 and ENO1 genes exhibited an up-regulation at 12 and 40 h p.i. and a downregulation at 24 h p.i. These data provide transcriptional information complementary to the differentially expressed proteins detected by proteomics analysis.
Western Blot Validation-To further confirm the dynamic alterations of protein expression during IBDV infection, the four proteins ubiquitin, Rho-GDI, vimentin, and ␤-tubulin were selected for Western blot analysis. Equal amounts of cell 
Proteomic Dynamic Analysis of IBDV-infected Host Cells
lysates of IBDV-infected and mock-infected CEFs at 12, 24, 48, 72, and 96 h p.i. were examined by Western blot analysis with specific antibodies to ubiquitin, Rho-GDI, vimentin, and ␤-tubulin. In Western blot analysis, CEF polyubiquitin, ␤-tubulin, and Rho-GDI were detected with their respective mAbs (Fig. 5) , whereas vimentin was not detected with the mAb to vimentin (data not shown). The expression of polyubiquitin was induced in IBDV-infected CEFs at 12 h p.i., elevated at 24 h, and reached a peak at 48 h p.i. In contrast, the expression of Rho-GDI was slightly reduced at 12 and 24 h p.i. and significantly inhibited between 48 and 96 h p.i. ␤-Tubulin (␤5 isoform 4) expression was also shown to be up-regulated in the IBDV-infected CEFs. These data agreed with the expression changes shown by the 2-DE analysis.
Immunocytochemical Validation-To visualize the differentially expressed proteins in IBDV-infected cells, an indirect immunofluorescence assay (IFA) was performed using the mAbs to vimentin, polyubiquitin, ␤-tubulin, and Rho-GDI. In this analysis, the mAb to vimentin could react with the vimentin of Vero cells but not with that of CEFs, and mAb to ␤-tubulin could recognize ␤-tubulin in both CEFs and Vero cells. However, ubiquitin and Rho-GDI in infected or uninfected CEFs and Vero cells were not recognized by the mAbs to ubiquitin and Rho-GDI (data not shown). Thus, we opted to examine the subcellular location of vimentin filaments in IBDV-infected Vero cells and tubulin in IBDV-infected CEFs and Vero cells using double staining IFA. As shown in Fig. 6 , the filamentous vimentin was considerably broken down in IBDV-infected Vero cells. Similarly the radial array of microtubules was found to partially or totally disappear in IBDVinfected CEFs and Vero cells. These data demonstrate that the structure of filamentous vimentin and ␤-tubulin microtubule networks were disassembled in cytopathic IBDV-infected cells.
DISCUSSION
Increasing evidence emphasizes comparative proteomics to screen the differentially expressed proteins associated with host cellular pathophysiological processes of virus infection (15) . From the literature, it appears that very few studies have been performed to analyze the interplay between IBDV and host cells using proteomics analysis. In our study, we obtained a dynamic overview of the altered protein expression of host cells responding to IBDV infection. The identified cellular proteins function in translational regulation, UPP, cytoskeleton organization, signal transduction, stress response, and macromolecular biosynthesis and as metabolic enzymes (Table I). Notably the data obtained in this study indicate that e Mean, the average protein abundance ratio for paired samples in which one certain spot could be detected. SD, the standard deviation of protein abundance ratios of one certain spot.
f Sequence coverage (%) is the number of amino acids spanned by the assigned peptides divided by the sequence length. g Protein score (based on combined MS and MS/MS spectra) and best ion score (based on MS/MS spectra) were from MALDI-TOF/TOF identification. The proteins that had a statistically significant protein score of great than 72 (p Յ 0.05) were considered successfully identified.
h The peptides identified by MALDI-TOF/TOF with statistically significant ion score (confidence interval, Ͼ95%). i NI, the protein spots were newly induced in IBDV-infected CEFs. j ND, the protein spots were not detectable in IBDV-infected CEFs. k The p values of paired t test. *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001.
IBDV infection triggers the expression of the cellular UBI and ACT5 genes and turns off the expression of CAPZA1, MA-PRE1, AHA1, and UCHL5 genes (Table I and Fig. 2 ). This is the first report of proteomics analysis performed to study the cellular response to IBDV infection. tus-EIF2S1 is a eukaryotic translation initiation factor that participates in cap-dependent translation by binding the initiator tRNA to the 40 S ribosomal subunit (31) and plays a central role in the maintenance of a rate-limiting step in cellular mRNA translation (32) . EIF4A2 is a eukaryotic translation initiation factor whose function is to melt the 5Ј-terminal secondary structure of eukaryotic mRNAs to facilitate the attachment of the 40 S ribosomal subunit and to play an essential role in the initiation of the translation of both capped and uncapped mRNA (33, 34) . Histidyl-tRNA synthetase (HARS) belongs to the class IIa aminoacyl-tRNA synthetases that are thought to function in cellular mRNA translation by binding ATP (35) . This study identified five translation-related proteins in IBDV-infected cells involved in the up-regulation of ARPP0, RPSA, and EIF4A2 and the down-regulation of EIF2S1 and HARS. The reported data showed that the host translational A, the expression changes of Rho-GDI, polyubiquitin, and TUBB5 in 2-DE gels. B, the immunoblots of Rho-GDI, polyubiquitin (UBI) and ␤-tubulin (TUBB) with the mAbs to Rho-GDI, ubiquitin, and ␤-tubulin, respectively. C, the averaged densitometric intensity of three replicate immunoblots. PM represents prestained protein molecular weight markers. Cϩ and CϪ represent the IBDVinfected and uninfected CEFs, respectively. Error bar reveals standard deviation. machinery was turned off by down-regulating EIF4A2 in cells infected with influenza virus type A, poliovirus, herpes simplex virus, and enterovirus 71 (36 -39) . Interestingly EIF2S1 and HARS were considerably down-regulated in IBDV-infected cells. Hence we infer that IBDV turns off the host translational machinery for initiating its viral translation in infected cells by down-regulating EIF2S1 but not EIF4A2. This hypothesis is supported by evidence that shows that the IBDV VP1 protein interacts with the carboxyl-terminal domain of EIF4A2 (40) and by data that demonstrate that the families of RNA viruses hijack the host translation apparatus to successfully complete viral mRNAs translation (41) . Moreover RPSA and ARPP0 up-regulation was also found in cells infected with rice yellow mottle virus (17) , FHV (23) , and SARS-CoV (25) , suggesting that the two proteins may not be specific to IBDV infectionassociated cells and tissues.
IBDV Infection Hijacking of the Host Translation Appara-
Alteration of Cytoskeleton Networks-In this study, in the identified microfilament-associated and microtubule-associated proteins, many actin and tubulin proteins were up-regulated, whereas three microfilament-associated proteins (CAPZA1, CNN3, and ACTL6A) were down-regulated, and MAPRE1 was inhibited (Table I) . Unlike microfilament-and microtubule-associated cytoskeleton, the class III IF protein vimentin and a nuclear member of IF, namely chicken lamin B2, were greatly decreased. The changes in ␣-actin (upregulated ACTA2 and down-regulated alpha actin of cardiac muscle) or TUBA2 or LAMB1 have been detected in enterovirus 71-, SARS-CoV-, and influenza virus-infected cells, respectively (20, 25, 42) . Although these proteins may not be specific to IBDV, most of the cytoskeleton alterations detected in IBDV-infected cells were caused by IBDV infection. IFA clearly demonstrated that the vimentin and ␤-tubulin networks collapse and disperse in IBDV-infected cells (Fig. 6 ). Hence we speculate that cytoskeletal disruption may be a critical mechanism of IBDV particle release from infected cells. Recent evidence demonstrates that various viruses manipulate and utilize the host cytoskeleton to promote viral infection (43) . Several studies have shown that human immunodeficiency virus type 1 protease cleaves the IF vimentin and induces the collapse of vimentin in infected cells (44, 45) . Further elucidation is required to determine whether IBDV protease VP4 uses an human immunodeficiency virus-like strategy to cleave vimentin, resulting in highly decreased expression and the collapse of the vimentin network. In addition, it is unclear why ACT5, a third cytoplasmic isoform of the chicken non-muscle actin (46) , was induced in the late stages of IBDV infection.
Apolipoprotein A-I (APOA-I), Rho-GDI, and Actin Cytoskeleton-In this study, APOA-I expression was up-regulated in IBDV-infected CEFs. In contrast, the signal transduction proteins Rho-GDI and D4-GDI were considerably down-regulated (Figs. 2 and 5) . APOA-I, a major constituent of high density lipoproteins, alters plasma membrane morphology by participating in the reverse transport of cholesterol binding with ATP-binding cassette transporter A1 (47) and activates the small GTP-binding protein Cdc42-associated signaling including APOA-I-induced cholesterol efflux, protein kinases, and actin polymerization (48) . Cumulative evidence also shows that the GTPases of the Rho family are key regulatory molecules of the actin cytoskeleton (49) and that Cdc42-activated GTPase induces the collapse of the vimentin network (50) . Rho-GDI and D4-GDI were also reported to be members of the Rho-GTPase regulator family that regulate a wide variety of cellular functions by binding and inhibiting Rho GTPases (51) . Thus, the activity of GTPase regulating the cytoskeletal networks may have been interfered with by the high expression of APOA-I and down-regulation of both Rho-GDI and D4-GDI during IBDV infection.
UPP Disorders in IBDV-infected Cells-Ubiquitin was described as a heat shock protein playing an important role both during and after stress in CEFs (52). UPP, a major intracellular protein degradation pathway, has recently been implicated in viral infections, including avoidance of host immune surveillance, viral maturation, viral progeny release, efficient viral replication, and reactivation of virus from latency (53) . Previous reports considered that the replication of pea seed-borne mosaic virus induces polyubiquitin and HSP70 expression (54) . In this study, nine UPP-linked proteins were identified as differentially expressed cellular proteins following IBDV infection (Table I and Fig. 2 ): the up-regulated polyubiquitin and the down-regulated ubiquitin-conjugating enzyme (HIP2), proteasome 20 S subunit (PSMA2, PSMA6, and PSMB1), proteasome activator subunit (PSME3), proteasome 26 S subunit, ATPase (PSMD5), and deubiquitinating enzyme (UCHL1 and UCHL5). Notably after IBDV infection, most of the UPP-associated proteins involved in ubiquitination and deubiquitination were down-regulated, and UCHL5 was completely inhibited, whereas polyubiquitin was initiated as a newly induced cellular protein (Fig. 4) . These data indicate that IBDV infection results in functional disorders of the UPP system as a "cell cleaner," although the reason for this is unknown. Schlee et al. (22) reported the down-regulation of UCHL3 in Epstein-Barr virus-infected cells, suggesting that IBDV differs from Epstein-Barr virus in how it disturbs cellular UPP. In addition, Leong and Chow (20) found PSMA2 and UCHL3 down-regulation in enterovirus 71-infected cells, revealing that the two proteins may not be specific to IBDV infection.
IBDV Infection and Stress Response Proteins-In this study, two unique HSPB1 spots representing an ATP-independent chaperone were identified during IBDV infection (Table I and Fig. 2 ). Up-regulated HSPB1 has been found in cells infected with African swine fever virus (19) , enterovirus 71 (20) , or FHV (23) . Interestingly one HSPB1 protein spot presented an increase, whereas another HSPB1 protein spot presented a decrease, demonstrating that the up-regulated HSPB1 may not be specific to IBDV infection and that different isoforms or modifications of HSPB1 may play different roles during IBDV infection. The phosphorylated HSPB1 was shown to prevent F-actin depolymerization by regulating microfilament dynamics and stabilizing the actin cytoskeleton under stress conditions (55) and to prevent caspase-independent apoptosis (56) . In addition, another stress response protein, activator of heat shock 90-kDa protein ATPase homolog 1 (AHA1), was downregulated or inhibited during IBDV infection (Fig. 2) . Previous studies have shown that AHA1 is a co-chaperone that stimulates Hsp90 ATPase activity and may affect a step in the endoplasmic reticulum-to-Golgi trafficking and that this Hsp90-associated ATP/GTPase may participate in the regulation of complex formation of Hsp90 (57) . Consequently the inhibition of AHA1 expression in IBDV-infected cells may lead to impairment of intracellular protein trafficking in infected cells.
Inhibition of RNA Processing, Macromolecular Biosynthesis, and Energy Metabolism-In this experiment, we also found decreased expression of cellular proteins associated with RNA processing and biosynthesis (Table I and Fig. 2 ), including HNRPDL-binding RNA activity (58) , SF3A3 participation in the nuclear mRNA splicing via spliceosome (59), FPS involvement in isoprenoid biosynthesis, participation of SNX6 containing the phox domain in targeting proteins to membranes (60) , and MTA. Notably the proteomics data further revealed that the key glycolytic enzymes, including ENO1, ALDOC, AKR, LDHB, and 6PGL, and the key regulatory enzymes involved in amino acid transport and metabolism, including GSTCL2 and CKB, were extensively down-regulated. Based on the information from these proteomics data, we speculate that IBDV replications may extensively inhibit the host cellular metabolic pathways involved in glycolysis and amino acid transport as well as mRNA processing, although ENO1 down-regulation was found in respiratory syncytial virus-infected cells (21) .
Conclusion-This study adopted a gel-based proteomics approach to probe the serially changed proteins in IBDVinfected CEFs. It is noteworthy that the comparative proteomics approach allowed for the initial identification of 51 altered cellular proteins during IBDV infection and showed that most of the altered cellular proteins appear to have roles in revealing the viral pathogenesis. Clearly further large scale studies are necessary to understand the roles of the differentially expressed cellular proteins in IBDV infection.
